BK virus (BKV) is a non-enveloped DNA virus of the polyomaviridae family that causes an interstitial nephritis in immunosuppressed patients. BKV nephropathy is now a leading cause of chronic kidney disease and early allograft failure following kidney transplantation. It is also known to cause renal disease with a progressive decline in kidney function in nonrenal solid organ transplant (NRSOT) recipients, although the disease may not be recognized nor its impact appreciated in this patient population. In this report, we review the existing literature to highlight our current understanding of its incidence in NRSOT populations, the approaches to diagnosis and the potential treatment options.
Introduction
BK virus (BKV) is a non-enveloped DNA virus, a member of the polyomaviridae family. BKV and JC virus (JCV) were the first human polyoma viruses isolated from immunosuppressed patients [1, 2] . Since then as many as 13 polyoma viruses have been discovered [3] and more are likely in the future, as novel molecular screening techniques are used in identification [4] . BKV takes its name from the initials of the first patient in whom it was isolated [1] . BKV causes an interstitial nephritis in kidney transplant patients, but has also been reported to cause renal disease in non-renal solid organ transplant (NRSOT) patients and bone marrow transplant recipients. The significance of BKV infection in NRSOT is poorly understood, although kidney disease from BKV may not be always recognized. In this review, we summarize the known epidemiology of BKV infection and discuss the pathophysiology and presentation of BKV nephropathy (BKVN) in kidney transplant recipients and the diagnosis and management of BKV infection in NRSOT patients. We illustrate this review with a clinical case that highlights the presentation and treatment of BKVN in a lung transplant recipient.
Epidemiology
Primary BKV infection is mainly asymptomatic or results in a mild respiratory illness [5] . The natural route of transmission is not established. Seroprevalence studies indicate a high exposure rate to BKV during childhood, with antibodies being detected in >50% of children by the age of 3 and >90% by the age of 10 [6, 7] . Due to the presence of viral DNA in tonsillar tissue, transmission is thought to occur via a respiratory route [5, 8] . There is also evidence for other possible routes of transmission such as fecal-oral, urino-oral and transplacental transmission, and via blood transfusion [9] .
There are four BKV genotypes, designated I, II, III and IV [10] , that are well recognized, and V and VI are also proposed to exist [11] . After primary infection, BKV enters a latency phase and tends to persist indefinitely. Autopsy studies have detected BKV mainly in kidney parenchyma, renal pelvis, ureter and urinary bladder of immunocompetent individuals [12] . Asymptomatic shedding of BKV particles into the urine has been reported in 5-10% of immunocompetent adults at any given time [9, 13] . Reactivation of BKV replication is observed in states of relative or absolute immunodeficiency such as transplantation [14] , pregnancy [15, 16] , diabetes [17] , cancer [17] , HIV infection [18] and systemic lupus erythematosus [19] . Unchecked BKV replication can then lead to BKVN and other organ disease. It remains unclear if there is any correlation between genotype and the likelihood of clinical disease [20] .
For the purposes of this review, BKV infection is defined as any evidence of exposure to BKV. Positive BKV serology and/or low-level BKV DNA in the urine probably indicates an asymptomatic latent phase of infection. BKV reactivation is defined as evidence of viral multiplication noted by one of the following: BKV virions in target tissues on electron microscopy, BKV-specific structural proteins in target tissues by immunohistochemistry, BKV mRNA expression of late genes in body fluids or affected tissues, BKV DNA detection in non-latency sites ( plasma and CSF) or increasing BKV DNA copies in urine [14] . BKVN and other forms of BKV-related pathology indicate clinical disease from BKV replication.
Pathophysiology
Typically, BKV remains latent for the life of the host [21] . Under some circumstances, when immunity is lowered, the dormant viruses begin to replicate in the epithelial cells of the kidney, ureter and bladder [22] . Electron microscopic studies in kidney transplant patients have demonstrated BK virions entering the renal tubular cell in smooth vesicles, aggregating and then using tubulovesicular networks to gain access to paranuclear areas and the nucleus [23] . The nucleus subsequently becomes markedly enlarged from the accumulation of daughter viral particles and then the nuclear membrane ruptures. Cytoplasmic swelling together with generalized disruption of the intracellular organelles then leads to cell death [23] . Lysis of the infected cells results in massive shedding of the virions into the tubular lumen and into the intercellular spaces causing cell-to-cell spread [23, 24] .
Today, after kidney transplantation, 30-60% of transplant recipients develop BK viruria, 10-20% develop BK viremia and 5-10% develop BKVN [25] [26] [27] [28] [29] [30] [31] [32] . Although rarely tested for at that time, it is thought that BK reactivation in kidney transplant recipients occurred very infrequently in the 1970s-80s. The increased prevalence in recent times is attributed, in part, to more potent calcineurin inhibitor (CNI)-based immunosuppressive regimens. It is important to acknowledge that better understanding of BKV infection has led to screening protocols in kidney transplantation that has resulted in the increased recognition of asymptomatic BKV infections. The true incidence of BKV reactivation after NRSOT is unknown, but is considerably lower than that in the kidney transplant population [33] .
Diagnosis
BKV infection is manifest by BK viruria, BK viremia and BKVN. BK viruria precedes BK viremia by a median of 4 weeks and BKVN by a median of 12 weeks [28, 34] . One of the earlier methods to detect BKV infection was by the detection of 'decoy' cells in the urine. Decoy cells originate from infected renal tubular cells with nuclei altered by BKV inclusions. They can be observed on urine cytology using Papanicolaou stains (Pap) or on phase contrast microscopy. The urine Pap smear, though sensitive for the diagnosis of BKVN, has a positive predictive value (PPV) of only 29% [28] . Measurement of BK viral load by polymerase chain reaction (PCR) in the urine is another method used to monitor BKV infection [35] . Low levels of viruria may reflect asymptomatic shedding during the latent phase and increasing viral load is indicative of active BKV replication. The negative predictive value (NPV) of BKV DNA in urine for BKVN is close to 100%, but has a PPV of only ∼40-67% [36, 37] . Many variables, such as micturition intervals, fluctuations in urine content and the method of sample processing and shipment, can contribute to interassay variations. BK viral copy number may also vary depending on whether or not supernatants, cell pellets or resuspended urine are used for DNA preparation [38] .
Other tests for BK viruria include the measurement of BKV mRNA in urine and the detection of cast-like three-dimensional BKV aggregates (Haufen) in urine by electron microscopy [39] . The amplification of viral VP1 mRNA in urine may be a better test for BK viruria as it represents active BKV replication [40] . Using a cutoff value of 6.5 × 10 5 BKV VP1 mRNA copies per nanogram total RNA, authors in one study reported a 94% sensitivity and specificity for BKVN. In a more recent study, the group further validated their original findings in a larger cohort of patients. They reported that urinary BKV VP1 mRNA expression continued to accurately diagnose BKVN. Furthermore, elevated levels of mRNA for granzyme B and proteinase inhibitor-9 in urine predicted those who developed graft dysfunction in the 12 months post-BKVN diagnosis [41] . This shows promise as a non-invasive test that can predict BKVN, but will need to be replicated. Using electron microscopy to detect BK virions (Haufen) in the urine is also reported to accurately correlate with BKVN [39] , with a PPV of 97% and an NPV of 100% for BKVN [39] . This experience is also limited and requires validation. BK viremia can be measured quantitatively by PCR in plasma. In one study, a BKV PCR value of 5000 copies/mL had a sensitivity of 100%, for BKVN, but yielded a false-positive diagnosis in 15.2%. A higher threshold of 1 × 10 5 copies/mL reduced the false-positive diagnosis to 6.1%, but the sensitivity decreased to 70% [36] . In another study, the sensitivity of any BK viremia for BKVN was found to be 100%, with a specificity of 88% and PPV of 82% [29] . In a prospective analysis of BKV replication and BKVN in renal transplant recipients, patients with BKVN had a viral load >7700 copies/mL, with a mean viral load of 28 000 copies/mL [28] . These observations are complicated by occasional reports of BKVN with viremia as low as 1000 copies/mL [37] . It is clear that BK viremia is seen in all patients with BKVN, but a threshold value that can accurately diagnose BKVN without the need for a biopsy does not exist. PCR assays can detect a wide range of viremia and this can vary from laboratory to laboratory. It is important to be aware of the limits of detection and the thresholds for quantitation in individual laboratories when interpreting PCR results. The definitive diagnosis of BKVN still requires a kidney biopsy where intranuclear polyomavirus inclusion bodies in tubular epithelial and/or glomerular parietal cells can be identified ( Figure 1A ). Inclusion bodies are basophilic structures seen on light microscopy [42] [43] [44] . The cytopathic changes are often associated with epithelial cell necrosis resulting in denudation of tubular basement membranes and acute tubular injury. The associated inflammatory response is variable and may be BK polyoma virus in NRSOT | 311 rich in lymphocytes, plasma cells and/or polymorphonuclear leukocytes [38] . These findings are not pathognomonic and most centers probe biopsy specimens with antibodies against T antigen, a polyoma protein present among BKV, JCV and Simian Virus 40 (SV40) species [38] . The histopathological changes and the T Ag positivity on immunohistochemistry can be patchy, multifocal and in the medulla and/or cortex ( Figure 1B) . It is possible to miss BKVN with a single biopsy core and two cores of kidney tissue, with at least one containing medullary parenchyma, should preferably be evaluated.
Three histologic patterns (A, B and C) of injury have been described [44] . In early disease (Pattern A), the cytopathic changes are present with little to no inflammation or tubular atrophy. Pattern B consists of viral cytopathic changes with varying degrees of inflammation, tubular atrophy and fibrosis. In late BKVN (Pattern C), cytopathic changes often are less apparent as a result of a tubular atrophy, interstitial fibrosis and chronic inflammatory infiltrate. The degree of damage corresponds to the degree of allograft dysfunction and correlates with allograft outcome.
BKV reactivation following kidney transplant should be considered in the differential diagnosis of acute kidney injury (AKI) or chronic kidney disease (CKD). Other common causes of AKI in kidney transplant recipients are CNI nephrotoxicity and allograft rejection. A kidney biopsy is necessary to definitively differentiate these, although the specific clinical scenario can raise suspicion for BKVN. For example, a rising creatinine within the first few months following intensification of immunosuppression but with therapeutic CNI levels increases the pretest probability of BKVN. On the other hand, in a highly sensitized transplant recipient with AKI in the setting of low-CNI levels suspicion for acute rejection should be high. A rising creatinine with elevated CNI levels especially months and years after transplantation is more likely to be secondary to CNI nephrotoxicity and should be responsive to drug dose reduction.
One of the strategies to treat BKVN is reduction in immunosuppression (discussed in the Treatment section). After control of BKV is achieved, an increase in creatinine should prompt an evaluation for acute rejection. With aggressive BKV surveillance protocols, early changes in creatinine can lead to evaluations for BKVN by renal biopsy. In patients who have had stable graft function for several years, surveillance for BKV replication are generally not as frequent as in the initial post-transplant period since BKVN is less likely to occur late when there has not been any intensification in the immunosuppression regimen.
BKV incidence and/or prevalence in NRSOT BK viremia and viruria in liver transplant recipients
In a prospective, cross-sectional study of 59 consecutive pediatric liver transplant recipients, random blood and urine samples were obtained to determine the prevalence of BKV infection. Nine patients (15.3%) had viruria, although eight had low-level viruria (median 610 copies/mL, range 18-3.9 × 10 5 copies/mL) and only one had high-level viruria (2.2 × 10 9 copies/mL). One patient had low-level viremia (98 copies/mL) and no viruria [45] . In all cases, the viruria resolved spontaneously on follow-up and no impairment in renal function was evident. In another prospective prevalence study at a mean of 2187 days after transplant (range 20-5671 days), 100 consecutive pediatric liver transplant recipients had urine screened for BKV. A plasma analysis by PCR was done if >100 000 copies/mL of BKV were detected in urine. BK viruria was found in 15 patients (median copies 25 930 copies/mL; range 200-300 000 copies/mL) and none had viremia [46] . Concurrent determination of estimated glomerular filtration rate (eGFR) showed no difference between the median eGFR in patients with and without BK viruria. No long-term follow of renal function or BK viremia was reported. In a prospective longitudinal study, 62 adult liver transplant recipients were tested for BKV infection with urine and plasma PCR at specific time points after transplantation. BK viruria was detected in 21% with median urine BK viral load 7.58 × 10 6 (range 9.8 × 10 2 -1.4 × 10 13 ) copies/mL. BK viremia was detected in 18% (11 patients) with a median plasma BK viral load 2.01 × 10 5 (range 3.4 × 10 2 -2.9 × 10 14 ) copies/mL [47] . Five of the nine with viremia who were also tested for viruria were positive. In 10 of 11 cases, BK viremia was detected in the first 3 months after transplant. Renal function was similar in those with BK viremia (1.2 mg/dL) compared with those without (1.1 mg/dL). Three patients with persistent viremia displayed AKI. The first patient had high viral load (2.9 × 10 13 copies/mL) and developed AKI concomitant with an acute cellular rejection of the liver allograft, with renal function improving coincident with the treatment of rejection. This patient died a month later with multiorgan failure and a request for autopsy was declined. The other two patients also developed renal failure, and in both these cases, the attending physicians attributed it to CNI toxicity. CNI doses were decreased and renal function improved. A patient with persistent viremia showed higher mean BK viral loads (5 × 10 12 versus 292 775 copies/mL) [47] . In 121 patients who enrolled in a CMV prevention study comparing valganciclovir with ganciclovir, blood was also drawn for BKV and JCV surveillance at 2, 6 and 10 weeks, and 3, 4, 4.5, 6, 8 and 12 months after transplant. BK viremia was detected in five (4.1%) transplant patients. No renal dysfunction was noted in any of the patients with BK viremia a month before and a month after detection of BKV, but no longer term follow-up is available [48] .
In another single-center study, urine was prospectively monitored for BKV at the time of transplant and then 3, 6 and 9 months later. If urine was positive, then plasma was tested. Three of 25 patients had BK viruria, but no viremia was detected in any patient. There was no association between BK viruria and renal dysfunction [33] . In five other studies, 147 liver transplant recipients were assessed for BK infection at various times after transplant. A total of 28 of 147 had viruria and of 114 tested, none had viremia [49] [50] [51] [52] [53] . Based on the above studies, it appears that BK viruria can be detected in up to 25% of liver transplant recipients [49] , but the incidence of BK viremia is low although 18% of patients serially tested at multiple time points were positive for BK viremia at one point or another [47] . Two patients with AKI and BK viremia responded to reduction in CNI dose, which would be expected with either drug nephrotoxicity or with BKVN. Since no patient with high-level BK viremia or AKI had a renal biopsy, it remains possible that some patients developed BKVN.
BK viremia and viruria in heart transplant recipients
In a prospective study of 28 consecutive heart transplant recipients [54] [55] . In 45 heart transplant patients enrolled in a study comparing valganciclovir with ganciclovir in the prevention of CMV infection, blood was drawn for BKV and JCV surveillance at 2, 6 and 10 weeks, and 3, 4, 4.5, 6, 8 and 12 months after transplant. BK viremia was detected in three heart (6.7%) transplant patients, all after treatment for rejection. No renal dysfunction was noted in any of the patients with BK viremia a month before and a month after detection of BKV, but no longer term follow-up is available [48] .
In another single-center study, urine was prospectively monitored for BKV at the time of transplant and then 3, 6 and 9 months later. If urine was positive, then plasma was tested.
One of the seven patients had BK viruria, but no viremia was detected in any of the patients. There was no association between BK viruria and renal dysfunction [33] .
BK viremia and viruria in lung transplant recipients
In a prospective lung transplant study, 50 recipients were tested for BKV in urine and plasma. Thirty-two percent had BKV in at least one urine specimen (mean viral load 5.0 × 10 10 copies/mL).
All blood samples were negative for BKV and there was no difference in the calculated creatinine clearance between those with BK viruria and those without [56] . In a later study from the same center, 87 adult lung and 3 heart lung transplant recipients were enrolled prospectively to provide urine samples for BKV. Forty-two percent of patients were positive for BKV. Two patients in the study developed end-stage renal disease (ESRD): 1 of the 38 with BK viruria and 1 of the 52 who did not. Unfortunately, in both these patients BK viremia was not evaluated nor was a kidney biopsy done to confirm BKV as cause for ESRD. Longitudinal analysis of renal function revealed no association between BK viruria and renal function [57] . In another single-center study, urine was prospectively monitored for BKV at the time of transplant and then 3, 6 and 9 months later. If urine was positive, then plasma was tested. Five of 28 patients had BK viruria, but no viremia was detected in any of the patients. There was no association between BK viruria and renal dysfunction [33] . Twenty-three lung transplant recipients and a heart lung recipient at a single center with evidence of renal dysfunction (creatinine >1.8 or ≥30% decline in GFR from highest GFR or GFR at 1 month after transplant) had blood and urine checked for BKV. Patients were enrolled at a median time of 3.5 years after transplant. Of these 24 patients (16.7%), 4 had viruria and none had viremia. Mean estimated creatinine clearance was similar in patients with or without BK viruria [53] . No patient had a renal biopsy to determine the cause of renal dysfunction. To summarize, the studies discussed above indicate that BK viruria is sometimes detectable by routine screening after NRSOT. In pediatric liver transplant recipients, its incidence can range up to 15.3% [45, 46] , in adult liver transplant recipients from 12.5 to 52% [33, 47, [49] [50] [51] [52] , heart transplant recipients from 2.9 to 42.8% [33, [53] [54] [55] and lung recipients from 11.7 to 42% [33, 53, 56, 57] . The incidence of BK viremia is lower and ranges between 0-18% in adult liver recipients [33, [47] [48] [49] [50] [51] [52] , 0-17.8% in heart recipients [33, 48, [53] [54] [55] and because of limited studies, unknown in lung transplant recipients [33, 53, 56] . There were far too few studies to determine the median time to viremia after NRSOT, although almost all patients [47, 48, 54] had viruria at the time of detection of viremia [54] . The median time to develop viruria in the heart transplant population was 220 days, but no information is available for liver or lung recipients [47] . Based on data from the above studies, the association between BK viruria and renal dysfunction is poor and there is insufficient information to determine if any patient with BK viremia had renal dysfunction.
BKVN in NRSOT
Although apparently rare, BKVN has been reported in lung [58, 59] , heart [60, 61] and pancreas [62] transplant recipients. In these nine cases, patients were being evaluated for CKD without a clear cause. All patients were detected to have BK viremia and all patients had BK viruria. In a review of these cases of BKVN, the median plasma BK viral load was reported to be 5.2 log 10 copies/ BK polyoma virus in NRSOT | 313
mL and urine viral load was >7 log 10 copies/mL [59] . Five of six were treated with immunosuppression reduction and cidofovir and the other with immunosuppression reduction and leflunomide. The treatment regimen in the other three patients was not reported. Of these nine cases, two cleared the virus from plasma, but follow-up information on BKV was not reported in the others. Five patients progressed to ESRD needing dialysis, one patient had stabilization of renal function and the renal outcome for three others was not reported [59] . Case reports of BKVN with poor outcomes reflect the ascertainment bias that comes with biopsies done in patients with progressive CKD and the publication bias that comes from positive biopsy evidence of BKVN, and does not necessarily indicate poorer outcomes of BKVN [59] in NRSOT who develop BKVN compared with those that do not. Furthermore, because of the small numbers reported it is difficult to truly compare the difference in outcomes between BKVN [61, 62] in NRSOT with those in the kidney transplant population. It is important to note that there is an especially high incidence of CKD and ESRD in some types of NRSOT, which has been attributed to CNI nephrotoxicity. In one large database analysis of chronic renal failure after a NRSOT, the incidence of CKD ranged from 1.7 to 9.6% at 12 months after transplant and 4.2 to 14.2% at 36 months after transplantation [63] .
We illustrate the clinical presentation and treatment of a lung transplant patient at our center who developed BK viremia with CKD from BKVN.
A 63-year-old Caucasian male with severe chronic obstructive pulmonary disease and long-standing hypertension underwent bilateral lung transplantation. Patient's pre-transplant creatinine ranged from 0.7 to 0.9 mg/dL with an eGFR of 100.4-90. Patient was noted to have an unremarkable urinalysis with a random urine-protein creatinine ratio of 0.4. A kidney biopsy was performed that showed patchy, mononuclear and lymphoplasmacytic tubulointerstitial inflammation, with rare admixed neutrophils and eosinophils on hematoxylin and eosin staining ( Figure 1A ). There was also significant global glomerulosclerosis, moderate to severe interstitial fibrosis and tubular atrophy (IFTA). Immunohistochemical stain for polyomavirus (SV-40) was positive in renal tubular epithelial cell nuclei ( Figure 1B) . Standard immunofluorescence and electron microscopy studies were non-contributory. A diagnosis of BKVN with possible chronic CNI-related nephrotoxicity was made. The dose of leflunomide was increased to 60 mg daily and ciprofloxacin at 250 mg daily was added. Ciprofloxacin was continued for a total of 8 weeks. The patient's tacrolimus dose was reduced to achieve therapeutic targets between 4 and 6 ng/mL, but his prednisone was continued at 5 mg/day. His BKV counts began to fall and about a year later, his BKV counts reached a nadir of 1500 copies/mL and renal function has stabilized with creatinine measuring between 2.9 and 3.0 mg/dL (eGFR 21.4-20.5 mL/min/1.73 m 2 ).
Recommendations for diagnosis of BKV infection in NRSOT
When should BKV infection be considered? The risk factors for BK viremia and BKVN in kidney transplant recipients are thought to include intense maintenance immunosuppression, prior episodes of allograft rejection, induction therapy with anti-thymocyte globulin, older age and male gender with immunosuppressive therapy thought to account for most of this risk [64, 65] . However, immunosuppression alone cannot account for the high incidence of BKV reactivation in transplant recipients since NRSOT recipients have a much lower incidence of BKV reactivation. It is likely that immunosuppression occurs in the setting of an adverse environment or a second hit. Mice infected with polyoma virus will not develop viral nephropathy unless exposed to either an ischemic or chemical injury to the kidney that probably creates a permissive environment for viral replication [66] . In humans, such an injury could occur at the time of renal transplant secondary to ischemia-reperfusion injury, drug toxicity, ureteral stent placement or donor-recipient HLA mismatch or the development of allograft rejection [55] . Since there is a high incidence of BK viremia and BKVN in the kidney transplant population, most kidney transplant centers are serially testing their recipients for BKV. Plasma and/or urine BKV screening is based on the paradigm that all patients with BKVN first have evidence of preceding BK viremia or BK viruria. The incidence of BK viremia appears to be very low in NRSOT patients and it is likely that BKVN is much less common in NRSOT patients compared with kidney transplant recipients, although with the paucity of publications on renal biopsy findings in NRSOT patients, it is difficult to be certain. Many NRSOT patients are presumed to have tacrolimus nephrotoxicity when they develop CKD, but this should be a diagnosis of exclusion.
We recommend that BKV infection be considered in all NRSOT patients with AKI or CKD. We believe that plasma BKV by PCR should be tested in those recipients who have renal dysfunction. Though there is a lack of data on the correlation of viruria, viremia and nephropathy in NRSOT, extrapolating from data in the kidney transplant population, a negative plasma BKV screen can be used to exclude BKVN in NRSOT. In the case of BK viremia and CKD or AKI, a renal biopsy with specific evaluation for BKVN should be considered. While early in BKVN the biopsy findings demonstrate an acute interstitial nephritis with tubular cytopathic changes, in late disease the disease may be missed if not specifically considered and biopsy samples tested for T Ag staining ( Figure 1B) . Biopsy findings in advanced CNI nephrotoxicity and late BKVN may be nonspecific and include IFTA with or without a modest chronic inflammatory infiltrate and if T Ag staining is not done, it may be difficult to differentiate. In those with no biopsy evidence of BKVN, it is important to closely monitor BKV plasma levels. If renal function is stable, continued monitoring by PCR is reasonable. Increasing BKV viremia increases the risk for BKVN and then further immunosuppression reduction or anti-BKV therapy should be considered. In addition, a repeat renal biopsy may be necessary when there is further deterioration in renal function.
The available literature does not support the need for routine surveillance for BKV infection after NRSOT. Yet, it is clear that BKVN in NRSOT can lead to irreversible renal dysfunction. Until we have data to the contrary, it is our opinion that patients who develop BK viremia are at risk for BKVN and once detected, regular monitoring of BKV and renal function is necessary. Additionally, any patient with unexplained AKI following a solid organ transplant should be tested for BKV replication and if necessary, the cause of the AKI further evaluated with appropriate studies, which may include a renal biopsy.
Treatment
The goal in treating BKV replication is to eliminate the virus while preserving the maximal amount of renal function. Treatment options for BKV infections come from studies in the kidney and bone marrow transplant population. In this section, we review the management options for BKV in kidney transplant recipients and make recommendations for BKV in NRSOT.
As BK infection involves reactivation of a latent virus in the setting of a suppressed immune system, the most widely accepted intervention is to reduce immunosuppression. The prevention of BKVN by monitoring BK viral load and appropriately decreasing immunosuppression for BKV replication appears to improve graft survival in non-randomized trials in the kidney transplant population [34, 67] . In one study, urine and serum samples were monitored weekly for 16 weeks, and at Months 5, 6, 9 and 12 after kidney transplant. BK viruria was taken as evidence of active viral infection and the presence of sustained viruria prompted review of patient's immunosuppression and appropriate adjustment in accordance with their protocol. Progression to BK viremia led to discontinuation of the anti-proliferative component (azathioprine and mycophenolate mofetil) of immunosuppressive regimen. If viremia failed to clear 3-4 weeks later, the CNI was tapered to minimum acceptable levels (cyclosporine 12-h trough levels of 100-200 ng/mL and tacrolimus levels of 3-5 ng/mL). Using this protocol, 35% were detected to have viruria and 11.5% viremia by 1 year. After reduction in immunosuppression, viremia resolved in 95%, without increased acute rejection, allograft dysfunction or graft loss [34] . At 5-year follow-up (available on 97% of patients), graft survival was 84% [67] .
Despite reduction in immunosuppression, renal allograft losses have been reported and this has led to the use of antiviral agents in addition to reduction in immunosuppression [43, 68] . Quinolones that act via inhibiting the DNA gyrase have in vitro and in vivo activity against BKV [69] [70] [71] . Based on this evidence, a 1-month fluoroquinolone course after renal transplantation was associated with significantly lower rates of BK viremia at 1 year compared with those with no fluoroquinolones [72] . A more recent randomized control trial using a 3-month course of levofloxacin initiated early following renal transplantation did not prevent BK viruria [73] . Another multicenter double-blinded placebo-controlled trial also confirmed that a 30-day course of levofloxacin did not improve BK viral load reduction [74] . These data clearly indicate that quinolones have no role in the treatment of BK reactivation after kidney transplantation.
The active metabolite of leflunomide, A77 1726, has also been shown to have substantial antiviral activity in vitro and in animals [75] . In 17 kidney transplant recipients with biopsy-proven BKVN, leflunomide therapy along with discontinuation of prednisone and mycophenolate, and reduced tacrolimus dosing (target trough 4-6 ng/mL), demonstrated clearance of viremia or progressive reductions in the viral load in blood and urine (P < 0.001) [76] . Leflunomide treatment consisted of a loading dose of 100 mg per day for 5 days and maintenance doses of 20-60 mg per day, with a target blood level of 50-100 µg/mL [76] . However, in a Phase 2, randomized, open-label, parallel-group, 6-month study in renal transplant patients, FK778 (derived from an active metabolite of leflunomide) was compared with the current standard of care (reduction in immunosuppression) for the treatment of newly diagnosed or untreated BKN, confirmed by renal biopsy [77] . Despite a greater decrease in plasma BK viral load, treatment with FK778 was associated with more rejection, and less favorable renal function and safety profile than standard of care. The authors concluded that reduction in immunosuppression with careful monitoring is paramount importance in the prevention of progressive renal dysfunction and graft loss in renal transplant patients with newly diagnosed BKVN [77] .
There has also been interest in the use of mammalian target of rapamycin inhibitor, sirolimus, for the treatment of BKV after kidney transplants. Though there are no randomized trials that have shown the superiority of a regimen using sirolimus in the treatment of BK infections, a retrospective analysis has shown that patients taking a sirolimus-containing immunosuppressive regimen appear to have a lower incidence of BK infection [78] .
Cidofovir, a cytosine analog and viral DNA polymerase inhibitor, inhibits BKV replication [79] . In a cohort of 21 recipients with BKVN, no graft loss was reported in eight kidney transplant recipients who received treatment with cidofovir but a 70% graft loss in the 13 who did not [80] . Low-dose cidofovir at dosages ranging from 0.25 to 1 mg/kg every 1-3 weeks has been successfully employed in an uncontrolled fashion for the treatment of BKVN in adult and pediatric renal recipients [35, 81] . However, it is primarily excreted by the kidneys [82] and is nephrotoxic [83] . The nephrotoxicity and the lack of randomized studies have led to reluctance to adopt it widely.
Brincidofovir (CMX001) is an investigational orally administered, ether-lipid ester conjugated prodrug of cidofovir. The nephrotoxic effect of cidofovir is apparently abrogated by lipid conjugation [84] . In a pediatric kidney transplant recipient with BKVN, treatment with reduction in immunosuppression, leflunomide and ciprofloxacin, failed to prevent allograft dysfunction. With FDA approval, the patients were started on a 36-week course with the investigational drug. This lead to an improvement in creatinine, though BKV DNA loads remained low [85] . Further studies are necessary to better understand the role of brincidofovir in the treatment of BKVN.
Intravenous immunoglobulin (IVIg) is believed to contain antibodies that can bind and neutralize BKV. Analysis of commercially available IVIg preparations from different suppliers revealed that co-incubation of BKV with clinically relevant concentrations of IVIg derived from healthy and hepatitis B vaccinated subjects caused >90% inhibition of viral DNA yield after 7 days in culture [86] . Immunosuppression reduction together with IVIg at a dose of 2 g/kg over 2-5 days was used in eight kidney transplant recipients diagnosed with BKVN [87] . After a mean follow-up of 15 months, only one patient returned to dialysis but four were unable to clear the virus [87] . In another series of 12 cases of BKVN treated with IVIg, there was no robust protective effect on maintaining renal function, although 10 of them had also received cidofovir with IVIg [88] . Despite these data, clinicians continue to consider IVIG as a treatment option.
For the management of BKV infection in NRSOT, we suggest that those with BK viremia and normal renal function should be closely monitoring for increasing viremia and/or the development of AKI. In those with viremia and AKI or CKD, a kidney biopsy is necessary to confirm BKVN. With BKVN, the mainstay of therapy is the reduction in immunosuppression, although this may increase the risk of rejection and that risk in a lifesustaining allograft such as the heart, lung or liver must be weighed against the risk of progressive CKD. If immunosuppression can be reduced, we recommend reducing or discontinuing mycophenolate mofetil (MMF) and beginning leflunomide 
Conclusions
The prevalence of BKV infection after NRSOT is not clearly established and the clinical significance of BK viruria remains unclear. Data that have been reviewed in this study indicate that BK viruria in NRSOT is as prevalent as in the renal transplant population. Viremia on the other hand is not as common and the factors that underlie this difference are unclear. The available literature does not support the need for routine surveillance for BKV infection after NRSOT. Yet, it is clear that BKVN in NRSOT can lead to irreversible renal dysfunction. The risk factors for this are poorly understood.
BKVN should be considered in the differential diagnosis of AKI and CKD after NRSOT in any patient with BK viremia, especially if associated with minimal proteinuria and bland urine on urinalysis, features suggestive of a chronic tubulointerstitial disease. It is important to note that a large fraction of CKD and ESRD after NRSOT is attributed to CNI nephrotoxicity, which also presents features of a chronic tubulointerstitial disease. If BK viremia is present, the definitive diagnosis of BKVN can be made by kidney biopsy and the microscopic examination should include an immunohistochemical stain for SV40 T antigen.
The treatment of BK viremia and BKVN involves reduction in immunosuppression, although this must be balanced against the risk of rejection in the allograft. In situations when immunosuppression can be reduced, a stepwise approach begins with discontinuing the antimetabolite (MMF or azathioprine). Serial monitoring of plasma BKV PCR and renal function should guide further therapy. Additional agents to consider include leflunomide, cidofovir, sirolimus or IVIg. Consultation with transplant nephrologists who regularly manage BKV infections after kidney transplant may be helpful.
